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FOREWORD

This report was prepared under the NASA Apollo
Contract NAS9-150 and represents a joint effort of the
Apollo Aerodynamics Group of the Space and Information
Systems Division and the Wind Tunnel Projects Group
of the Los Angeles Division, This report will be
revised semiannually.
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ABSTRACT

Test objectives, test facilities, models required,
and tunnel test hours for the Apollo program are
discussed. The proposed schedule of wind tunnel
tests, tests already accomplished, and the relation-
ship of the test program to the design phases of the
space vehicle development are included.
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I. INTRODUCTION

The scheduled wind tunnel test program will supply data on aero-
dynamic heating, stability during abort, entry and recovery, effects of
center-of-gravity offset and heat shield ablation, interaction between
separating bodies during escape operations, aerodynamic loads throughout
the flight regime, and other problems that must be solved for the successful
design of the Apollo.

A highly concentrated wind tunnel program is required to meet the
internal release dates. This program will provide the necessary experi-
mental data for the evaluation of the design and wherever possible will use
large models for testing at Reynolds numbers approaching flight conditions.
Detail design data will be generated and detail design problems will be
investigated including tests of the Apollo recovery system, tests of the
control jet interaction and effectiveness, and tests to assure compatibility
between the command module and the service module and other booster
components,

Completed wind tunnel tests of the Apollo are summarized in Tables 1,
2, and 3.
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tlt.  TEST OBJECTIVES

The basic objectives of the wind tunnel test program are to provide,
in the shortest possible time, sufficiently accurate and inclusive data to
evaluate factors that affect the final design of the spacecraft and to provide
information to prove the validity of the configuration selected for final
development.

In general, the test program used relatively simple small-scale
models for the initial evaluation of gross aerodynamic characteristics; the
program then progressed to more detailed large-scale models as the final
configuration became determined. The various tests and the models used
in the wind tunnel test program are presented in the following paragraphs.

STATIC FORCE TESTS

The initial tests to determine basic static stability and force charac-
teristics of the entry, launch and launch-abort configurations were
completed throughout the flight regimes.

Subsequent investigations were made at subsonic, transonic, super-
sonic, and hypersonic Mach numbers to evaluate the effect on the
aerodynamic characteristics of the command module and launch escape
system under the following conditions:

1. Addition of aerodynamic strakes to the command module

2. Launch escape system rocket motor operating using hydrogen
peroxide as a propellant

3. Drogue chute configurations attached to the command module

Static stability and force characteristics of the Saturn I with Apollo
payload and booster alone have been determined at Mach numbers 0, 3 to 8. 0.

Free-flight characteristics of the command module and the launch

escape vehicle, including static and dynamic stability data, are being
investigated in ballistic range facilities.

- 14 -
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DYNAMIC FORCE TESTS

Forced and free-oscillation dynamic tests were conducted to determine
the dynamic stability characteristics of command module and launch escape
vehicle configurations with and without strakes.

Dynamic stability data were obtained from forced oscillation tests of
the command module in the angle-of-attack range from -10 to +190 degrees
at Mach numbers 1.5 to 10. 0 and on the launch escape vehicle for the
angle-of-attack range from -5 to +25 degrees at Mach numbers 1.5 to 6. 0.
Subsonic and transonic dynamic stability characteristics of the command
module and launch escape vehicle were also obtained.

High-amplitude free-oscillation tests to obtain dynamic stability
characteristics on entry and launch escape vehicle configurations were
made at Mach numbers 1.5 to 6.0 with oscillating amplitudes of + 20 degrees
about the trim points. Additional tests will extend this investigation into
the transonic region.

Tests to determine tumbling dynamic stability characteristics of a
360-degree rotational model of the command module will be made at Mach
numbers 0.2 to 0. 9.

Dynamic stability characteristics of the command module with the
drogue chute were obtained with the model at normal trim, apex-forward
trim, and tumbling attitudes.

STRUCTURAL DYNAMIC TESTS

Tests at transonic Mach numbers were made on the Apollo/Saturn I
launch configuration to obtain buffeting loads and measurements of aero-
dynamic damping.

STATIC PRESSURE TESTS

Initial structural design loads were obtained on the command module
and the launch escape vehicle from pressure measurements made at Mach
numbers 1.5 to 10.0. Pressure measurements were also obtained on the
command module at Mach number 19.5. Additional air load data were
obtained on the launch escape vehicle and command module at transonic
Mach numbers.

Pressure data with some real gas effects were recorded in the Mach

number 15 region.

- 15 -
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STATIC AND TRANSIENT PRESSURE TESTS

Static and transient pressure measurements were made at Mach
numbers 0.7 to 3.5 to study unsteady aerodynamic pressures and to
determine aerodynamic loads on the spacecraft and adapter during normal
boost. Additional tests are scheduled.

HEAT TRANSFER TESTS

The heat transfer models have been designed to obtain heat transfer
distributions over launch and entry configurations of the Apollo vehicle.
Initial stages of the program consisted of investigating distribution effects
at Mach numbers 6, 7, and 9. Additional tests were run to determine
effects of configuration changes on Reynolds number heat transfer distribu-
tions. Distributions on entry configurations at Mach numbers 13 to 20 were
obtained in shock and impulse tunnels.

T'ests are currently scheduled on the launch and entry configurations
at Mach numbers 6 to 17. These tests will provide information on the effect
of attached and separated flow and on protuberances and holes.

Tests to obtain real gas effects on the entry face heating rates will be
conducted in ballistic ranges and plasma jet tunnels. Plasma jet facilities,

which are in the development stage, are currently being evaluated for
selecting a suitable tunnel.

- 16 -
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1. TEST FACILITIES

The Apollo wind tunnel test program has taken into account the wide
range of flight conditions that the spacecraft will encounter from launch to
entry and recovery. To obtain data applicable to these conditions, many
types of facilities will be used. These facilities are listed with a brief
description of their characteristics. The capability of these facilities to
simulate the Apollo boost and entry trajectories is graphically presented in
Figures 1 and 2. Estimated and actual test facility hours for calendar years
1962, 1963, 1964, and 1965 are presented in Tables 4 and 5.

Continuous Tunnels

North American Aerodynamics Laboratory 7. 75- by l1-Foot Low-
Specd Wind Tunnel. A Mach number of approximately 0.2 can be
obtained at a Reynolds number of approximately 1.44 x 106 per foot.

North American Columbus Division Aerodynamics Laboratory 7- by
10-Foot Subsonic Wind Tunnel. A Mach number range from 0. 05 to
0.39 can be obtained at a Reynolds number of approximately 2.7 x 10°
per foot.

Langley 20-Foot Free-Spinning Tunnel. A velocity of 0 to 66 mph can
be obtained at a Reynolds number range from 0 to 0.62 x 106 per foot,

Langley 12-Foot Low-Speed Tunnel. A velocity of 40 to 50 mph is
obtainable in this tunnel,

Langlcy 8-Foot Transonic Pressure Tunnel. Mach numbers from 0 to
1.2 arc available over a Reynolds number range from 1 to 4 x 10
per foot,

Langley Unitary Plan Wind Tunnel. Two 4- by 4-foot test sections are
used, one covering Mach numbers from 1.5 to 2.8 and the other
covering Mach numbers from 2.6 to 5 at Reynolds numbers up to

10 x 10® per foot.

Langley 16-Foot Transonic Dynamics Tunnel. Mach numbers from
0.3 to 1.2 can be obtained. Reynolds number varies from

0.04 to 9.0 x 106 per foot. The tunnel may be operated using either
air or freon as the test media.

- 17 -
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Langley 16-Foot Transonic Wind Tunnel. Mach numbers from 0. 2 to
1. 3 can be obtained. Reynolds number varies from 1.2 x 106 to
4.15 x 106 per foot.

Jet Propulsion Laboratory 20-Inch Supersonic Wind Tunnel. Mach
numbers from 1. 3 through 5 can be achieved, and Reynolds numbers
between 0. 04 and 6 x 100 per foot are obtained.

Jet Propulsion Laboratory 21-Inch Hypersonic Wind Tunnel. This
facility covers the Mach number range between 5 and 9. 5 at Reynolds
numbers from 0.25 x 106 to 3. 6 x 10 per foot.

Cornell Aeronautical Laboratory 8-Foot Transonic Wind Tunnel. This
variable density wind tunnel operates at total pressures of from 1/6
atmospheres (350 psf) to 2-1/2 atmospheres (5290 psf). The Mach
number range is from approximately 0 to 1. 4 with Reynolds number
per foot ranging from 1 x 106 to 7 x 106,

Arnold Engineering Development Center von Karman Facility 40-Inch
Tunnel A. Mach numbers from 1.5 to 6 can be obtained and a
Reynolds number range from 0.3 x 106 to 9 x 106 per foot can be
covered,

Arnold Engineering Development Center von Karman Facility 50-Inch
Tunnel B. This tunnel operates at Mach number 8 over a Reynolds
number range from 0.25 x 106 to 3.3 x 106 per foot.

Arnold Engineering Development Center von Karman Facility 50-Inch
Tunnel C. A Mach number of 10 is obtained with a Reynolds number
range from 0. 29 x 106 to 2.5 x 10 per foot.

Ames Unitary Plan Wind Tunnel. This facility has three test sections.
The 11-foot test section covers the range from Mach number 0. 5 to
1.4 at Reynolds numbers up to 8.5 x 10° per foot. The 9- by 7-foot
test section operates between Mach numbers 1.5 and 2. 6 at Reynolds
numbers up to approximately 6 x 106, The 8- by 7-foot test section
covers a Mach number range from 2.4 to 3.5 at Reynolds numbers up
to the order of 3 to 5 x 106 per foot.

Ames 14-Foot Transonic Wind Tunnel. This tunnel operates at Mach
numbers from 0. 6 to 1.2 at Reynolds numbers from 2. 8 x 106 to

4.2 x 106 per foot.

Ames 2-Foot Transonic Wind Tunnel. This tunnel operates at Mach
numbers from 0 to 1.4 at Reynolds numbers from 2 x 100 to 8.4 x

106 per foot.

Ames 6-Inch Arc Jet Tunnel. This tunnel operates at Mach numbers
10 and 16 with a stagnation enthalpy of 900 Btu/1b,

Ames 12-Foot Pressure Wind Tunnel. This tunnel operates at Mach
numbers 0 to 1. 0 at Reynolds numbers from 0 to 9, 2 x 106,

- 18 -
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Intermittent Tunnels

North American Aviation Supersonic Aerophysics Laboratory. Mach
numbers of 0.7 and from 1,56 through 3. 75 and Reynolds numbers
between 3.88 x 100 and 2.26 x 100 per foot are obtained in this tunnel,

North American Aviation 7- by 7-Foot Trisonic Wind Tunnel. Mach
numbers from 0.2 to 3.5 are available, and Reynolds numbers from

5x 100 to 14 x 106 per foot can be obtained.

Fluidyne 20-Inch Mach Number 14 Hypersonic Tunnel. Reynolds
numbers from 0.28 x 108 to 0.6 x 10° per foot can be obtained.

Impulse Tunnels

Arnold Engineering Development Center von Karman Facility 50-Inch
Hot-Shot II. This tunnel currently operates at Mach numbers from 16
to 21 are obtained with nitrogen as a test medium. Stagnation pressure
is normally 1000 atmospheres.

Arnold Engineering Development Center von Karman Facility 100-Inch
Tunnel F. Mach numbers from 16 to 22 can be obtained with a
Reynolds number range from 5 x 104 to 8 x 105 per foot.

Avco 10-Foot Shock Tunnel. Mach numbers from 5 to 35 can be
obtained with a Reynolds number range from 104 to 107 per foot,

Avco 20-Inch Shock Tunnel. Mach numbers from 8 to 28 can be
obtained with a Reynolds number range from 10° to 1.2 x 10° per foot.

Avco 1-1/2-Inch Shock Tube. Mach numbers from 1.8 to 2. 6 can be
obtained with a Reynolds number range from 5 x 103 to 108 per foot.

Cornell Aeronautical Laboratory 24- and 48-Inch Shock Tunnels. Mach
numbers from 5 to 18 can be obtained with a Reynolds number range
from 0.03 x 10° to 10 x 100 per foot at the lower Mach number.

Cornell Aeronautical Laboratory 8-Foot Shock Tunnel. Mach numbers
from 10 to 30 are available, and a Reynolds number range from 2 x 102
to 5 x 10° per foot can be obtained.

North American Aviation 12-Inch Shock Tunnel. Mach numbers from
7 to 22 can be obtained with a Reynolds number range from 0. 0001 x 106
to 3 x 100 per foot.

- 19 -
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Free-Flight Facilities

Ames Prototype Hypersonic Free-Flight Facility., Velocities up to
40, 000 fps are obtained by firing models approximately 0. 45 inches in
diameter into a hypersonic shock tunnel.

Ballistic Research Laboratory Transonic Aerodynamics Range. Mach
numbers from 0.5 to 6.5 are obtained with Reynolds numbers from
4.0 x 10° to 44.0 x 106,

Canadian Armament Research and Development Establishment (CARDE)
Range No. 5. Velocities from the Transonic Range to approximately
15, 000 ft/sec are obtained with Reynolds numbers to 4 x 107 based on
model diameter. Models of 5 inches diameter are launched under
these conditions,

- 20 -
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V. MODELS

The following models are required for testing to obtain the necessary
data for the Apollo program. Figure 3 shows the principal Apollo test
configurations: launch configuration, launch escape vehicle, command
module, and command module with service module. Figures 4 through 9

show typical models for force, pressure, dynamic, and heat transfer tests.

Static Force (FS) Models

FS5-1

FS-2

FS-3

FS5-4

FS-6

FS-7

FS-8

F5-9

FSC-1

A 0.02-scale model of the command module with several
detachable launch escape system configurations incorporating
provisions for simulation of jet plume from escape motor.

A 0. 105-scale model of the command module with several
detachable launch escape system configurations. The large
scale of this model will provide high Reynolds number data.

A 0.045-scale model of the command module with detachable
launch escape system configurations. This modelis designed
for high-temperature flow,

A lightweight 0, 04-scale model of the command module for
testing in impulse tunnels,

A 0,013-scale model of the command module for testing in
high-enthalpy flow in the entry attitude,

A 0.02-scale model of the command module with a parametri-
cally varied shape,

A lightweight 0, 05-scale model of the command module for
testing in impulse tunnels.

A 0.105-scale model of the command module with apex drogue
chute cover removed,

A 0.10-scale drogue chute model with fixed command module.
Three parachute diameters with various porosities and various
riser elasticities will be tested. The models will include a drag
balance for measuring the drag force of the chute,
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LAUNCH ESCAPE VEHICLE

COMMAND MODULE

LAUNCH CONFIGURATION COMMAND MODULE
WITH
SERVICE MODULE

Figure 3. Apollo Test Configurations
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SA-5 Launch Configuration 0, 08-Scale Structural Dynamic Model

Figure 6.
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93-197 E

' APOLLO FSJ 3

0. 045-Scale Model of the Launch Escape Vehicle With Simulated
Escape Rocket Motor Exhaust

Figure 8.
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A 0.10-scale dynamically similar command module with the
drogue chute. The command module will be mounted for
three degrees of freedom. The drogue chute diameter,
porosity, and riser length and elasticity will be determined

A 0.085-scale model of the launch escape vehicle that will
be used to determine detailed effects of true simulation of
escape motor jet exhaust impingement on the command
module in the transonic Mach number range.

A 0.045-scale model of the launch escape vehicle using
unheated air as the launch escape vehicle propellant. Model
will be available for incorporation changes as required

A 0.02-scale model of the complete launch (L) configuration
with the Saturn C-1 launch vehicle. Provisions for detaching
the escape tower, the command module, and the service
module will be provided to obtain the characteristics of the

A 0.45-inch-diameter model of the command module for
firing from a light gas gun. Model will also include a sabot
that will separate from the command module as it leaves the

A 0.03-scale model of the command module with the center
of gravity on the centerline and a 0.03-scale command
module with an offset center of gravity. Models will be of
lightweight construction and will be mounted on an air

A 0.055-scale model of the command module with a detach-
able escape tower. Model is of lightweight construction and
relatively simple construction to permit early testing.

A 0.045-scale model of the command module with a detach-

FDC-1

from the FSC-1 tests.
FSJ-1
FSJ-3

throughout the program.
FSL-1

C-1 booster alone.
FBR-1

muzzle,
Dynamic Force (FD) Models
FD-1

bearing.
FD-2
FD-3

able escape tower,
FD-4

A 0.10-scale model of the command module with a detachable
escape tower.
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FD-5 A 0.05-scale model of the command module and a 0. 059-scale
model of the launch escape vehicle.

FD-6 A 0.10-scale model of the command module.

Structural Dynamic (SD) Models

SD-1 A 0.08-scale model of the SA-5 launch configuration. The
model is flexible with scale stiffness distribution and variable
mass distribution for simulating the correct mass at Mach
numbers 0.8, 1.0, and 1.2. The model is spring-mounted to
allow bending in the first and second free-free bending modes
as well as pitch oscillation about the center of gravity.
Instrumentation includes bending moment strain gages,
accelerometers, and transducers for measuring transient
pressures. An electromagnetic shaker installed between the
sting and model is used to excite the model to obtain aero-
dynamic damping in pitch.

Static Pressure (PS)} Models

PS-1 A 0.02-scale model of the command module with detachable
escape tower configurations. This model is instrumented
with pressure taps for obtaining pressure distributions on
the command module with and without the escape tower

installed.
PS-3 A 0. 045-scale model of the command module with detachable
service module and escape tower configurations. This model

is instrumented with pressure taps for obtaining pressure
distributions on the escape tower, command module, service
module, and flow separator.

PS-4 A 0.04-scale model of the command module. This model is
instrumented with miniature pressure transducers to obtain
pressure distributions in impulse tunnels.

PS-5 A 0.05-scale model of the command module instrumented
with miniature pressure transducers to obtain pressure
distributions in impulse tunnels.

PS-6 A 0.01875-scale model of the command module instrumented
with miniature pressure transducers to obtain pressure
distributions in impulse tunnels.
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A 0.125-scale model of the command module instrumented
with miniature pressure transducers to obtain pressure
distributions in impulse tunnels.

Static and Transient Pressure (PST) Models

PSTL-1

PSTL-2

A 0.055-scale model of the launch (L) configuration with
only the forward portion of the Saturn I launch vehicle
duplicated. This model has provisions for detaching the
escape tower.

A 0.055-scale simulation of the Apollo/Saturn IB launch
escape from the S-IVB stage forward.

Heat Transfer (H) Models

H-1

H-3

A thin-skin 0. 02-scale model of the command module
instrumented with thermocouples to obtain heat transfer
rates. Also a 0.02-scale model of the launch escape
vehicle and service module. The service module is
instrumented with pressure taps,

0. 045-scale models of the command module and launch
escape system and service module. These models are
constructed with thin skins and are instrumented with
thermocouples to obtain heat transfer rates.

A 0.013-scale model of the command module for testing in
high-temperature flow. This model will be constructed
with a thin skin and will be instrumented with thermo-
couples to obtain heat transfer rates.

A 0.05-scale model of the command module for testing in
impulse tunnels. This model will be instrumented with
thin-film resistance thermometers.

A 0.01875-scale model of the command module instrumented
with thin-film platinum resistant heat transfer gages for
obtaining heat transfer rates.

A 0.040-scale thick-skin, stainless steel model of the

command module instrumented with thin wafer calorimeters
and tested in hot shot tunnels.
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H-9 A thin-skin, stainless steel sphere having the same diameter
as the entry face of the H-1 model and instrumented with
thermocouples.

H-11 0.10-scale fiberglass models of the actual flight configura-
tion instrumented with thin-film platinum heat transfer
gages. These models will be used to obtain heat transfer
distribution for both launch and entry configurations.

H-12 A 0.020-scale thin-skin, stainless steel model of the com-
mand module used to obtain heat transfer distribution at
very high stagnation enthalpy. This model will be instru-
mented with thermocouples.

HBR-1 A 0.45-inch diameter model of the command module for
testing in a ballistic range facility. Approximately fifteen
of these models will be required.

HL-1 A 0.045-scale model of the launch (L) configuration with
only the forward portion of the Saturn I launch vehicle
duplicated. This model will be constructed with a thin
skin and will be instrumented with thermocouples to obtain
heat transfer rates. This model is made with some modi-
fied parts of the H-2. These parts are interchangeable with
the original H-2 configuration.

HL-1B A modification of the Saturn booster flare angle from 13 to
25 degrees to accommodate the S-IVB stage.

HBR-2 A 0.02-scale model of the command module for testing in
a ballistic range facility. This model will be instrumented
to measure convective heat transfer rates.

- 37 -

SID 62-170-5



NORTH AMERICAN AVIATION, INC. | o > | SPACE and INFORMATION SYSTEMS DIVISION

V. TEST SCHEDULE

The wind tunnel test schedule has been coordinated with Engineering
to meet their requirements for design information. The schedule for the
complete program, based on current planning, is shown in Tables 6,

7, and 8. As development of the Apollo program progresses, changes in the
proposed tests and test facilities will be made as necessary.
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VI. REPORTS

A listing of the reports associated with testing of the Apollo models is
shown in Tables 9, 10, and 11. The listing is divided into the two types of
reports required: (1) a pretest report that contains information needed to
conduct the test successfully and a structural analysis report necessary for
successful design of the model that are published before the test, (2) a data
report that contains a tabulation of the test data and is published after each
test., The reports are listed as pertaining to force, pressure, or heat
transfer tests, If a report covers more than one of these tests, it is listed

under each of the applicable headings.
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